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Abstract 

We present the phenomenology of antisymmetric rank-2 tensor unparticle operator with 
scaling dimension du- We consider the physical effects of operator Off ' A in Z° boson invisible 

■ decays Z° — > U, Z° — > bb channel, the electroweak precision observable S parameter, and the 
muon anomalous magnetic dipole moment. The Z° boson invisible decay gives a very stringent 
constraint in the (Ay, My) plane, and only small r = Au/Mu < 0.1 is favored, when Au is 

jy^ | order of several 100 GeV. When the phenomenological parameter u, which parameterizes the scale 

■ invariance breaking, goes to 0, the S parameter and the muon {g — 2) diverge for 1 < du < 2, 
while for non-zero n, there will be constraints on (Ay, My) which are more stringent than those 

' c*j obtained from collider experiments. 
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I. INTRODUCTION 



Recently Georgi proposed an interesting possibility that there might be a hidden sector 
with operators Oj/y's that flows into scale invariant theory at low energy scale An with 
operators O^'s. The hidden sector operators O^y's in the UV theory can interact with the 
SM sector by nonrenormalizable interactions that are generated at some scale Mu, which 
match to the scale invariant interaction with the Standard Model (SM) sector below An 
[2, 0]. Schematically one has the following picture: 
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where duv, du and n are the scaling dimensions of the UV operator in the Banks-Zaks (BZ) 
sector |3|, the unparticle operator Ou, and the SM operator of a type i, Og Mi . Triggered by 
this intriguing suggestion, a lot of phenomenological analysis have been done for both low 



and high 
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. So far, most works have 
considered scalar and vector unparticle operators, and a few works on the rank-2 symmetric 
tensors, especially its modification of the Newtonian gravity potential. 

In this letter, we study the antisymmetric rank-2 tensor unparticle operator, O u u A : its 
spectral representation, propagator and phenomenological implications. This operator has a 
unique property that it can have coupling with the dimension-2 SM operator B^, the field 
strength tensor of U(1)y gauge boson. Therefore it can contribute to the invisible decay 
width of Z° boson. Also it can modify Z — > bb, the Peskin-Takeuchi S parameter, and the 
muon (g — 2), when we simultaneously consider its interactions with other SM operators. In 
the following, we consider these observables in the presence of antisymmetric rank-2 tensor 
unparticle operator. 

Before closing this section, we would like to define the conventions and the normalizations 
of interactions between the unparticle operators and the SM. In most papers on unparticle 
phenomenology, the scale A n in Eq. (1) is widely used, and bounds on them are derived 
assuming the coupling C l n = 0(1). However these scales A n 's are derived from the first 
line of Eq. (1), and it depends on the dimension of the SM operator that couples to, and 
in general A3 7^ A4. Scales A n 's can be expressed in terms of fundamental scale Mu and 
Au, and the scaling dimensions <iuv, du and n. The expressions for A i=2 ,3,4 can be found in 
Ref. ' 
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where r = A u jM u is less or equal to 1 by definition. For 1 < d u < 2 < d uv , one has 

A 2 < Mu < A 4 < A 3 . 



(2) 



In this analysis, we will follow the conventions of Ref. [25J for the scales A n 's and the 
couplings C*'s and study various observables that could be affected by the antisymmetric 
rank-2 tensor unparticle operator Oy^. Then the bounds on the scales A n 's will be cast 
into those on (A^, My) for duv — 3. This will facilitate the comparison with the existing 
bounds in much clearer way. 
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II. TWO-POINT FUNCTION AND PROPAGATOR 



The antisymmetric tensor 0^ A = —Oyf A can be decomposed into magnetic and electric 
vectors, with the index \xv = ij, i,j = 1,2,3 for magnetic components, and fiu = Oi for 
electric components j58|. Using the scale symmetry, the two-point function for 0^ A can be 
written as 

o|o£>)o^(o)|o) = / ^e-^A d j( P y(p*)n^( P Y"-\ (3) 



where the projection operator IP yp<T is defined as follows [58 



jjfii/pa _ _ ^ p/J,p pv (T ppa pvp^ 

for magnetic component, and 
for electric part, with 

P pv = g pv - p p p u p~ 2 , u pu = p p p v p~ 2 . 
We use the same normalization for the overall factor A& u as Georgi [j], [2| : 

_ 16tt 5 / 2 T(d+ 1/2) 



(2tt) m r(d-l)r(2d)" 

It is straightforward to derive the propagator using the above expression for the two-point 
function: 

4t, I d> P n ""'" 



(0|T(O- (,)O^(0))|0) = i-i y ^ I e---^( V " ie)*- (4) 

These two equations ([3]) and (jlj) are one of the main results of this paper, and necessary 
ingredient in order that we calculate physical observables in the following. 

In addition to Oj^ u A , there is one more unparticle operator that can couple to the 



dimension-2 SM operator H^H 14 



c 2 



—2 OsrfH. 



A 2 

After the EWSB, this operator will generate a mass scale u, and thus induces conformal 
symmetry breaking in the unparticle sector. Bander et al. 25| argue that 

■£) < (io-^ 1/du 



Following Ref . [14J , we parameterize this conformal symmetry breaking by phenomenological 
effective mass scale \i, and modify the two-point function and propagator as follows: 

on: A (x)o% A (o)\o) = /(gi^^(p>(p 2 -^)n-(P 2 -,^- 2 (5) 

A du f d^p . 
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;0|TO,)O- A (0))|0) = i^ j ^ e +^-[-tf- ft (6) 
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In the following, we find that the contributions of an antisymmetric rank-2 tensor unparticle 
operator to the S parameter and the muon (g — 2) are proportional to (fi 2 ) du ~ 2 , so that they 
are divergent for // = and 1 < du < 2. Therefore we have to keep the nonzero \x scale for 
some observables considered in this work. 



III. PHENOMENOLOGY 

In this section, we consider the physical effects of antisymmetric unparticle operator Oy A 
of scaling dimension du on the invisible decay width of Z° boson [Z — > U), Rf, and Ap B 
in the Z — > bb decay channel, an electroweak precision observable S parameter, and the 
muon anomalous magnetic dipole moment. The relevant interaction terms involving the 
antisymmetric rank-2 tensor unparticle operator O u u A can be written as 



Mnt - *b .d u -2 U ^ U U,A + A b—T—2^fiu^U,A 



+ X W ^(H^H)W^ A + \ f jLf L Ha,J R 0% A . (7) 

Here the field strength tensor B^ of the U(l)y gauge boson and its dual B^ v are gauge 
invariant dimension-2 operators, and the other two SM operators are of dimension 4. We 
included the gauge couplings for gauge fields, and the Yukawa couplings for Higgs-fermion 
couplings, and assumed that the couplings Aj's are all order 0(1). This is in accord with 
Ref. [25j and we can compare directly our results on (A^, My) with their results on scalar 
and vector unparticle operators derived from LEP/SLC. 

Note that the first two terms are unique to the antisymmetric rank-2 tensor unparticle 
operator O u u A we consider in this work. As mentioned in the previous section, there are 
only two operators U V A and the scalar unparticle operator Ou,s that can couple to the 
dimension-2 SM operators, which are B^ v and H^H, respectively. 



A. Z° -> U 

In the presence of antisymmetric rank-2 tensor unparticle operator, Z° boson can decay 
to an invisible unparticle, Z° — ► IA through (i) the 1st term alone and (ii) the second order 
effects involving the 1st and the 3rd terms in Eq. ([7j). The 2nd term of Eq.(J7|) does not give 
a nonvanishing result due to the Levi-Civita tensor. Using the results obtained in Sec. II, 
we can calculate the Z° decay width easily: 

where s w = sin 2 6^ and c w = cos 9w We note that in the Z rest frame, only the electric 
component of antisymmetric tensor contributes to the invisible Z — > U decay. The contri- 
butions of a vector unparticle o per ator d^Oy coupled to dimension-2 SM operator B^ v have 
already been considered in ref. [29|. However the operator we considered here, the term with 
dimension-2 SM operator in Eq. ([7]) gives the dominant contribution. 
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The Z° boson properties have been well studied, and its invisible decay width is quite 
consistent with the SM predictions with three light neutrinos: 

r^ v p is (Z°) = (499.0 ± 1.5) MeV, vs. T SM (Z° -> vv) = (501.65 ± 0.11) MeV. 

This leaves little room to an additional invisible decay width of Z° boson, for example, 
into the unparticle sector. We assume that the room for the invisible Z° —>■ U decay is the 
uncertainty of experimental uncertainty in r mvls , namely 1.5 MeV. 

In the numerical analyses of Z Q — > U, we fix the dimensionless coupling to 1, c?uv = 3 for 
dy = 1.1, 1.5, 1.9, and choose two different /x = and /x = 85 GeV. We note that the variation 
of /x parameter with /x < mz does not affect the results very much, as /x enters Eq. (jSJ) through 
the combination of (m| — fi 2 ) du ~ 2 . The contour plots for T(Z° — > U) in the (A^, My) plane 
is shown in Fig. [TJ The dash lines in the figure correspond to the contribution from the first 
term in Eq. (|7j) only, which is the contribution in Eq. (JHJ) without the second term 
in the squared bracket. We find that the contribution from second term -f 242 -... is not small 
when Ay is below several tens of GeV, while for larger Ay, the contribution is dominated by 
the first term, as we can see that the dash and solid line overlap. This is because the second 

term 4^ ^77=2 = t^t^tt^ 2 ~ tt with r = < 1, when we replace A 24 with My 

and Ay. That factor is suppressed when Ay is larger than the electroweak scale v. Hence, 
the contribution from the third term of Eq. (J7J) is suppressed compared with the one from 
the first term. We also change the sign of dimensionless parameter X w to — 1 in case (a) and 
(c) to show the contribution of the second term of Eq. (jSJ), because \ w only enter the second 
term in the formula. For larger Ay of order 100 GeV, the second term is suppressed, the 
curve in case (a) and (c) is similar to (b) and (d) in the large Ay region. We have similar 
results in the discussion of other physical quantities later on. We find that the constraint 
from the invisible decay of Z is very stringent, only small r = Ay/My ^$ 0.1 is favored. We 
note that T(Z° — > U) = if /x > mz, due to the 9 function in Eq. (jSJ), and there would be no 
constraint from the invisible Z° decay width on the unparticle physics. Comparing Fig. [1] 
with the plots in Ref. [25[, we can conclude that the constraint from the invisible Z° decay 
width is much more stringent than those from the effects of scalar and vector unparticle 
operators at LEP/SLC experiments as long as /x < mz- 



B. Z u -> bb 

The decay Z° — > bb is an important process not only within the SM, but also in many 
models beyond the SM, since any new physics scenarios which deals the 3rd generation quarks 
differently from the light two families can affect this decay, and thus is strongly constrained 
by electroweak precision data. In the model independent effective theory approach, this 
channel has been discussed in j6l| including the magnetic operators. In the framework 
of unparticle physics, vector unparticle contribution to Z° — ► bb has been investigated in 



ref. 47 



The antisymmetric rank-2 tensor unparticle operator O u v A can contribute to the magnetic 
operator in the decay Z° — ► bb through A& and A/ terms in Eq. ([7j). We first calculate the 



coefficient of the magnetic operator defined in [6J|, and discuss the physical quantities 
Ap B and R^. 

b 2 A du e-« d «-Q*m b m z (ml- fi 2 ) d «- 2 ( c w g X w v 2 A^ 2 \ 

9t SwAbAf 2sin(cM At~ 2 Af \ + As w g'\ b A 2 Af- 2 ) K ) 
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FIG. 1: The contour plot of T(Z -> [/) with r(Z -> C/) = 1.5MeV in A w and M w plane for 
du = 1.1 (red), = 1.5 (green), and c%/ = 1.9 (blue), (a) and (b) correspond to fi = 0, (c) and 
(d) correspond to \i = 85 GeV. Aj, = — A^ = 1 in case (a) and (c), Xb = \ w = 1 in case (b) and (d). 
In the region above the corresponding curve for different du, T(Z — > U) is smaller than 1.5MeV. 
The region below An = Mu (black) is excluded. 



Experimentally, both Ap B and R\, have been determined precisely, Ap B = 0.923 ± 0.020, 
Rb = 0.21629 ± 0.00066. We fix the dimensionless parameters to 1, d\jy = 3 for d u = 1.1, 
1.5, 1.9, and choose /i = 0. The contour plot of A^ B and Rb is presented in Fig. [2j Most of 
the region above the = Mu (black) line is allowed by the la bound of both Ap B and Rb- 
In that region, the unparticle effect is quit small and can be neglected. We note that the 
variation of /i parameter does not affect the results very much, as \i enters Eq. ([9]) through 
the combination of (m| — [i 2 ) du ~ 2 . 



6 




,U ( a ) ,o4 Au(GeV) (/,) '° 3 '"XCGOV) 



FIG. 2: The contour plot of ^4p B (dash) and (solid) within la bound in Au and Mu plane for 
du = 1.1 (red), = 1.5 (green), and = 1.9 (blue) with \i = 0. Aj = A^ = — A^ = 1 in case 
(a), Xf = Aft = A^ = 1 in case (b). The region above the corresponding curve for different du is 
allowed with la bound. 



C. S parameter 



The Peskin-Takeuchi parameters, S, T and U, have been introduced in order to constrain 
new physics contributions to the gauge boson self energy. The unparticle O u v A exchange 
through A;, and X w terms can induce the dimension-6 operator (H^ r a H)W^ u B flL/ , which is 
directly related with the S parameter: 

C _ 9 Cw n 2 n' 2 \ \ ^ du V 2 ^ 2 )^ / 1n N 

^ _ 1 — 9 9 X b X w . — r kdlJ _ 2 . A . ■ [Id 

Let us note that the S parameter is divergent if /z 2 = for 1 < du < 2. This problem 
disappears if d u > 2, but we do not consider this possibility here. 

The overall S is the sum of the unparticle and the SM contributions, where we assume a 
light SM Higgs m H = 120 GeV, and S^m = —0.22. From the electroweak precision data, the 
S is determined as S = —0.13 ± 0.10 [59|. In our numerical results, we choose dimensionless 
couplings to 1, d\jy = 3 for du = 1.1, 1.5, 1.9, and choose fi = 1 GeV and /i = mz- We 
plot the contour diagram of the S parameter with la bound in (A^, Mu) plane for different 
du S specified in the caption in Fig. [3] (a), (c) with different sign of A& and X w and Fig. [3] 
(b), (d) with the same signs. In Fig. [3] (a), (c), the contribution from unparticle is positive, 
and the curve in the plot corresponds to la upper bound S = —0.03, while the curve in 
Fig.([3]D) corresponds to la lower bound S = —0.23, and unparticle contribution is negative, 
and hence constructive with the SM contribution. The region above the curve is allowed by 
the la bound of the S parameter. 
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FIG. 3: The contour plot of the S parameter within la bound in Ky and Mu plane for du = 1.1 
(red), du = 1.5 (green), and du = 1-9 (blue) with [i = 1 GeV in (a), (b) and /i = in (c), 
(d). Xb = — X w = 1 in case (a) and (c), At = X w = 1 in case (b) and (d). The region above the 
corresponding curve for different du is allowed with la bound. 

D. Muon anomalous magnetic dipole moment {g — 2)„ 

The muon anomalous magnetic dipole moment (g — 2) is a testing ground of the SM 
at quantum levels, and also a sensitive probe to new physics scenarios at EW scales. At 
present, the experimental data and the SM prediction have 3. 4a deviation [60], 

«" P - «J M = (29.5 ± 8.8) x 1CT 10 . 
The antisymmetric rank-2 tensor unparticle operator can contribute to the muon — 
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via both At, — A/ and \f — X w interactions. We can derive the contribution a M = \{g — 2) M as 

u _ \ \ A du mltf)**-* ( s w g \ w v 2 Aj-- 2 \ 
a » AbAf 2sm(d U 7r) Af~ 2 Af \ l Ac w g>\ h AlAf-*) ' W 

Note that this is divergent for \x = and 1 < dy < 2, and we choose a nonzero [i in the 
numerical analysis: \i — 1 GeV and fi = mz- 

In the numerical calculation, we fix the dimensionless couplings to 1 djjy = 3 for du = 1.1, 
1.5, 1.9. There could be additional contributions to the muon (g — 2) from other unparticle 
operators. Therefore, instead of fitting the muon (g — 2) by the antisymmetric rank-2 tensor 
unparticle operator, we assume its contribution is smaller than ~ 10~ 9 . In Fig. m we show 
the contour plots of unparticle induced a M with di = 1CT 9 in the (A^, Mu) plane. We find 
that the contribution from unparticle can be as large as 10~ 9 for du = 11, 1.5, 1.9 in the 
region below the curves, which are disfavored accordingly. Note that the constraint from 
the muon (g — 2) is stronger than those obtained from LEP/SLC data [25f | . 



IV. CONCLUSIONS 



In this paper, we concentrated on the antisymmetric rank-2 tensor unparticle operator 
®u A w hh scaling dimension 1 < du < 2. This operator has a unique property that it can 
mix with the operator of the SM sector, and can modify the properties of Z° bosons. 
We first derived the two-point function and the propagator for the antisymmetric rank-2 
tensor unparticle operator, studied their effects on Z° boson properties, the invisible Z° 
decay width Z° — > U, Z° — ► bb, the S parameter and the muon {g — 2) M . We find that 
the last two observables are divergent for 1 < du < 2. Therefore we had to introduce 
a phenomenological parameter /i, a low energy scale where scale symmetry is broken, in 
order to make S parameter and the muon (g — 2) finite. The most stringent bounds on the 
fundamental scales Au and Mu come from the invisible decay width Z° —>U for \x < mz- We 
find r = Au/Mu ^$0.1 is favored, which is more stringent than the bounds from LEP/SLC 
[25| . Furthermore the contributions of O u v ^ to the S parameter and the muon (g — 2) are 
proportional to (fi 2 ) du ~ 2 , which is divergent for /i 2 = for 1 < du < 2. Therefore we 
need nonzero fi 2 for 1 < d u < 2. For fi ^ (especially for fi > m z ), there would be 
no constraint from the invisible Z° decay width or from astrophysical processes involving 
unparticle emissions from stars and supernovae. Still the constraint from the muon (g — 2) M 
is quite significant for fi ^ 0. 
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